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ABSTRACT
There exists widespread concern of pathogenic bacteria colonizing and establishing
biofilms in water systems providing a direct exposure route to the public. Legionella are
widely distributed in human-made and natural environments, and colonization lends the
potential to infect human hosts that may lead to the development of Legionnaire’s
Disease. Silver has been used in cooling towers and water filtration systems for removal
of planktonic bacteria and biofilms; however permanent removal of L. pneumophila
biofilms with metal ions is impossible when established biofilms are in hard to access
places such as dead end piping or inside a protozoan host. Bulk metals showed limited
success in the past at the permanent removal of Legionella, but nanometals, unlike their
bulk elemental or molecular form, behave based on their size, shape and surface
chemistries. Some nanometals may provide, perhaps, an interesting avenue for novel
anti-microbial agents. This research investigated interactions between citrate-capped
gold nanoparticles (AuNPs) and L. pneumophila biofilms. Planktonic virulence, growth
kinetics and toxicity were assessed, while biofilms were evaluated for structure, density,
and composition. Transmission electron microscopy (TEM) micrographs indicate that
AuNPs associate with cellular surfaces, the internal cellular compartment and integrate
into the extrapolymeric matrix. Previous research has shown that Au and Ag NPs induce
an antibacterial response in some planktonic bacteria. In contrast, there were no
significant differences of planktonic viability of L. pneumophila treated with 18 nm
AuNPs. However, planktonic assays with 4 nm AuNPs at a concentration of 100 µg/L
indicated a statistically significant decrease in biomass, measured as the optic density
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(OD) at 600 nm after 30 hrs of growth. Pigment production, a known virulence factor,
measured after 48 hrs of growth at OD400 for the 4nm AuNPs treatments was also
significantly less than all other treatments. Evaluation of the biofilm using Syto 11 dye
and confocal microscopy indicate an alteration of morphology seen on glass slides. In
treated biofilms, L. pneumophila formed long chain-like assemblages in contrast to a
thick and densely packed biofilm as seen in controls indicating a possible stress response
to the presence of AuNPs. No change in morphology was seen between controls and
polystyrene NP treatments. AuNPs, although not effective in completely inhibiting L.
pneumophila growth and pigment production, exhibit a negative mechanical response
under biofilm forming conditions in response to 18 and 4 nm AuNPs. The results from
this research suggest the potential uses of NPs in destabilization of biofilms. Further
research will attempt to delineate whether the effects from surface chemistries, sizes, or
shapes of the AuNPs are merely mechanical or antimicrobial with L. pneumophila.
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LITERATURE REVIEW:
Gold nanoparticles: an ancient noble metal with novel uses
The interest in noble metals, including gold, as nanoparticles has exponentially
increased over the years as reflected in the sheer number of publications on gold and
silver nanoparticles1 (Figure 1). The idea of gold colloids is quite ancient, as it dates
back to the 5th – 4th century B.C. where gold colloids created a ruby red coloration in
glass. The term “colloid” was first used by Graham in 1861, however the use and the
production of nanomaterials boomed in the 20th century. For gold, this is due to its
unique electronic and optical properties2. Gold is used now for inks, films, catalysts,
dyes, drug delivery, and imaging2,3,4,5. Gold nanoparticles have been found to act unlike
their bulk or elemental form. The size, shape, shell or surface chemistry all contributes to
the behavior of a gold nanoparticle. Size alone may control the quantity of nanoparticles
permitted to interact with the organism or material as there is a higher surface area to
volume ratio associated with smaller particles6.
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Figure 1. The exponential increase in articles published on gold and silver nanoparticles
from 1990 to 2004 (Source: SciFinder Scholar v. 2004).

The most popular method for gold nanoparticle (AuNPs) production is by way of
citrate reduction. The specific size class a AuNP comprises is dictated by varying the
reducing/stabilizing agents such as the trisodium citrate-to-gold ratio during the reduction
process. Stabilization using thiols and other sulfur, phosphine, phosphine oxide, amine,
and carboxylate ligands has also been reported2 . For core characterization, highresolution transmission electron microscopy produces an image while scanning tunneling
microscopy (STM) and X-ray diffraction analyze the core which allows for the
quantification of nanoparticle dimensions2. Transmission (TEM) and scanning electron
microscopy (SEM) are a popular characterization method and these tools image AuNPs
well because of the high density associated with gold6,7. TEM and SEM both allow
samples to be observed on high resolution, and when used in conjunction with electron
dispersive spectroscopy (EDS) an analysis of elemental composition is produced. EDS
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utilizes back scattering X-ray when focusing an electron beam on the material in
question6. During simple light microscopy, challenges arise when attempting to depict
the differences between a AuNP scattering light from the background. Scanning nearfield optical microscopy and dark-field microscopy have been utilized in the past for their
imaging capabilities, but have fallen short. The problem with small nanoparticles is their
rapid scattering signal which vanishes and becomes optically undetectable8.

Gold nanoparticle interactions with bacteria
The increase in AuNP research and production calls for examination of their fate
in the environment. In one regard, clinical and industrial systems are interested in the
route of using novel materials such as nanoparticles for the eradication of biofilms that
may be a nuisance when biofouling equipment or a potential health threat when
pathogenic bacteria colonize a human-made system. In another regard, bacteria are a key
player in the ecosystem as they contribute as a food source, to decomposition and cycling
of organic carbon, and other important biogeochemical cycles9 and if toxic to bacteria,
nanomaterials released into the environment may cause a disruption in the ecosystem.
Promising results have been seen in research done using photothermal killing of
bacteria with gold nanoparticles. Photodynamic therapy produces a reactive oxygen
species (singlet of oxygen) that can cause bacterial damage. Gold is considered the
strongest nano-absorber due to the profound plasmon resonance associated with their
conducive electrons8,10. Zharov et al.10 looked at the pathogenic bacteria, Staphylococcus
aureus and used gold particles of sizes 10, 20, and 40 nm that were conjugated with
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specific antibodies to cause damage to S. aureus cells. They developed a new approach
to produce physical damage to the bacterium when pulsed laser energy was absorbed by
the nanoparticles that had specifically attached to the bacteria. Irradiated nanoparticles
absorbed energy and heat remained at the site causing damage to the bacteria10. Another
study11 took advantage of the photostability of AuNPs and allowed them to absorb nearinfrared radiation. Once near-infrared radiation was absorbed, gold nanoparticles were
capable of transmitting heat. They used antibody-conjugated gold nanorods to bind to P.
aeruginosa. A LIVE/DEAD assay assessed viability of the cells and indicated a
significant decrease in viability for gold nanorod treated cells. TEM micrographs
illustrated large areas of cell membrane disruption either due to nanoparticle explosion
during irradiation, bubble formation and/or thermal disintegration11.
Aside from using photothermal dynamics against bacteria, many researchers are
discovering that gold may provide a level of toxicity of its own without using lasers for
selectively killing bacteria. This result often times questions the use of a surface
chemistry and whether it is the properties associated with the AuNP core itself, or the
surface coating with a purpose of maintaining a stable AuNP suspension. Exposure to
AuNPs has induced a heat shock response in E. coli12, as well as generating a 64%
reduction in viable bacteria13. Zhang et al.13 used a hyperbranched poly(amidoamine)
coated AuNPs and tested their toxicity on a large suite of gram-negative and positive
bacteria. At 2.8 mg/L, AuNPs demonstrated up to a 98% inhibition of bacterial growth.
The cationic charge to this specific surface coating allows for strong ionic interaction
with the bacteria cells and was noted as a possible contributor to the overall inhibition
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seen in their study13. In comparison, Simon-Deckers et al.5 focused on using only citrate
to stabilize the AuNPs. Past studies have shown that non-functionalized AuNPs do not
interact with the cell wall of the bacteria and offer the explanation as they both have
negative surface charges. This explanation was supported by the Simon-Deckers5 work
where AuNPs were located in the vicinity but not sorbed to the cells5 (Figure 2). AuNPs
did not induce any toxicity on the E. coli in the Simon-Deckers et al.5 study using citrate
and irradiation.

Figure 2. TEM image of E. coli exposed to AuNPs during 24 hrs (From Simon-Deckers
et al. 2008).

However, little is known in the realm of mechanisms of gold toxicity let alone
AuNP toxicity to bacteria. It has been postulated that the mechanism of gold toxicity
may be one of or a combination of disruptions caused by redox reactions of membranes
that alter the permeability of membranes or the cleaving of disulphide bonds14.
Microorganisms do require a wide range of metals (Mg, Na, Fe, Co, Mo, Ni, W, V, and
Zn) for nutrition15, and these metals are utilized in reactions which supply the organisms
with energy15. Metal ions, such as gold have affinities for thiol groups on the binding
sites of organisms and may displace these essential nutrients14.
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The possibility of trophic transfer
In contrast to the AuNPs exhibiting a negative toxic affect or not interacting with
the bacterial cell at all, some researchers have demonstrated a possible
compartmentalization and self assembly of AuNPs by bacteria. Bacteria that are capable
of compartmentalizing AuNPs may then serve as a source for trophic transfer of gold in
the environment. Some bacteria and diatoms are capable of producing inorganic
materials, and some bacteria have been shown to synthesize gold nanoparticles. This
“green” approach to producing nanoparticles was examined with an actinomycete
(Rhodococcus sp.) when it synthesized gold nanoparticles of 5-15 nm both on the cell
wall and internally16. There were no reported signs of toxicity during the interaction
between the gold and the actinomycete. A UV-vis spectra recorded the absorbance of
samples before and after the introduction of the AuNPs, and a broad peak at ~ 540nm
was observed, indicating aggregation of gold nanoparticles on or inside the cell. Using xray diffraction to provide Bragg reflections of the gold and the Debye-Scherrer equation
they were able to estimate size of the gold nanoparticles inside a nano-actinomycete
biofilm16. This was not the only study detailing the internalization of gold into an
organism. Nakajima17 found bacteria efficiently removed gold from media and Tsuruta18
found gram-negative bacteria that accumulated gold.
Phytoplankton serves as another possible source in the facilitation of AuNP
transport up a food chain. Their distribution throughout the entire water column and their
relatively large surface to volume ratio are reasons for their exposure to and accumulation
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of AuNPs4. One study used green algae, Scenedesmus subspicatus, a popular species in
French ecotoxicological tests. Mollusks such as Corbicula fluminea were also studied
and were thought to come into contact with gold nanoparticles based on their nutritional
and respiratory activities4. The analysis of metallothionein (MT) concentrations served
as a measurement of stress caused by the metals in the mollusks. Ten-nanometer AuNPs
were used with a positively charged amine surface chemistry. The S. scendesmus toxicity
test was a direct water-only exposure to AuNPs for 24h. A mortality rate of up to 40%
was reported after 12 hours for the algae (concentration of 1.6 * 105 AuNPs/cell) and the
LD50 occurred at 24 hours. Microscopy showed no AuNPs residing in cells, however
weakening of the cell wall was the expected cause of mortality4. The C. fluminea study
was considered a trophic exposure. The test mollusks were placed in a green algae and
AuNP suspension. AuNPs penetrated epithelia4 (shown by TEM below) however no
structural disturbances were seen. The analysis of the gills and visceral mass showed
elevated levels of metallothionein. Bioconcentration factors of 4,000 and 26,000 were
calculated in gills and visceral mass.
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Figure 3. TEM of C. fluminea-AuNP interaction (Left: epithelial stomach cell Middle:
epithelial branchial cell Right: epithelial cell. Figure from Renault et al. 2008.

Another filter feeder in a water column, Daphnia magna, maintain an integral
position in an aquatic food web. Being filter feeders, there exists a high potential for
contaminant accumulation to occur in this organism. Lovern et al.7 used gold
nanoparticles suspended in trisodium citrate with an average particle size of 17-23 nm to
assess the uptake and release of AuNPs in Daphnia magna. At concentrations of 500 ppb
AuNPs, entry into the D. magna after 6 hours was noted using TEM. Depuration
experiments indicated that a decrease in concentration of the AuNPs occurred over time,
however no bioaccumulation was detected7. Trophic transfer is still possible if D. magna
are exposed to surrounding waters containing AuNPs. D. magna could perhaps be the
first level of a trophic transfer. If an aquatic environment contained AuNPs, D. magna
could then filter feed and ingest the AuNPs and excrete pellets containing the AuNPs that
may then settle onto the benthic life.
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The potential for bioaccumulation or toxicity of AuNPs has not been examined in
many species representative of every trophic level. Perhaps the least explored for
apparent toxicity or accumulation, and the most studied for the therapeutic effect of gold
is with mammals. When using mice in AuNP research, it is important to understand the
distribution of AuNPs. Available research to date indicates it is the size of the particle
that dictates its fate and ultimate distribution19. Oral administration of AuNPs resulted in
distribution to the kidney, liver, spleen, lungs, and brain with smaller particles
distributing further19. Most therapeutic research either uses AuNPs in a phosphate-saline
buffer injected intravenously or directly into the tumor, or when targeted with an
antibody20. One study by Hainfeld20 et al. examined the treatment of tumors in mice with
AuNPs and used either AuNPs intravenously injected with no x-ray irradiation, x-ray and
AuNPs, or x-ray alone. The AuNPs only treatment did not cause any apparent toxicity
but no therapeutic effect was seen. With x-ray and AuNPs all but one mouse had a tumor
remaining, of which was shrinking, and with x-ray alone the tumors grew to 5 times the
initial size after 1 month20.

The lack of apparent toxicity to AuNPs seen in mice is also

the case with humans, as human cells can take up AuNPs with no cytotoxic effects21.
After conducting a literature search, there is a lack of research examining the effects of
AuNPs to mammalian models using the same surface chemistries that have caused known
toxic effects in the previously mentioned species.
Environmental risk assessment for gold nanoparticles
Typically, environmental safety data requires information regarding the fate and
transport of the nanoparticles, the hazards they poses to aquatic, benthic, terrestrial, and
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atmospheric organisms, along with environmental exposure and risk for different
compartments. The aforementioned studies highlight the important concept of surface
chemistries, and when testing the effects of AuNPs on organisms, particular attention and
thorough assessment should be spent verifying any toxicity associated with the surface
chemistry alone.
For any nanoparticle, size, shape, associated chemistries, and chemistry of the
media may play a large role in dictating effects. The concentration at which AuNPs
become saturated and their kinetics in cellular uptake experiments are influenced by their
physical parameters22. Silver nanoparticles, along with gold, come in a variety of shapes,
and triangular silver nanoparticles have been found to exert more antibacterial action than
other shapes. It is recommended that when designing toxicity testing, all nanoparticle
products and by-products during and resulting from the production process are used as
test materials as well. Finally, once materials are chosen, size characterization,
composition, shape, and purity need to be addressed22. As of now, there is no single
protocol guiding researchers in how to characterize and quantify the fate transport of the
nanoparticles in situ. Fate and transport studies are limited as are values for
concentrations of nanoparticles relevant to a concentration which may be released in the
environment.
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ABSTRACT
Outbreaks of Legionella spp. represent a significant risk to human health.

Hence,

biocides are used regularly to control populations of pathogenic organisms in many water
systems. Metal salts have shown limited success at permanently removing Legionella
from man-made systems; however, metallic nanoparticles may behave differently from
their ionic forms based on their size, shape and surface chemistries. This research
investigated the interactions between gold nanoparticles and Legionella pneumophila
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biofilms. Transmission electron microscopy indicated association of both 18 and 4 nm
gold nanospheres with bacterial cells and biofilm. In treated biofilms, L. pneumophila
formed long chain-like assemblages that were unseen in thick, structured control and
polystyrene nanoparticle treated biofilms. This stress response suggests the potential uses
of gold nanoparticles to destabilize biofilms potentially making them more susceptible to
biocides.
KEYWORDS Legionella pneumophila, Biofilms, Gold Nanoparticles
Widespread concern exists for pathogenic bacteria colonization and establishment
of biofilms in water systems due to elevated risk of direct human exposure to disease.
Human-made aquatic environments are home to several pathogenic biofilm-forming
bacteria that populate the elevated temperature, low nutrient environments typically
found in such places1 and Legionella spp. are arguably of greatest concern2. Outbreaks of
Legionella spp. have occurred in water systems which experience periods of non-use
such as in cooling towers or hospital water3,4. This pathogenic bacterium persists in a
variety of complex niches and is often resistant to current biocidal or disinfectant
treatment methods, thus presenting a challenge on the basis for removal in industrial and
medical settings.
Legionella spp. are widely distributed in all waters including, but not limited to,
drinking and cooling systems, plant misters and spa pools. These warm water
environments are conducive to biofilm formation and facilitate the growth and success of
Legionella spp.2. Such biofilms then provide environments that can lead to human
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exposure and infection resulting in Legionnaire’s Disease (LD)3,5. LD is a form of
pneumonia that can be severe enough to demand hospitalization3 and has a 10-50%
mortality rate if untreated6. Cases of LD increased 70% from 2002 to 2003 in the United
States and recorded numbers of >2000 cases per year from 2003-20052. Water systems
and cooling towers are prominent sources of LD outbreaks due to biofilm colonization
and later dispersal of contaminated aerosols from the showers and towers. In a 20032004 outbreak in Pas-de-Calais, France, 86 cases resulted from contaminated aerosols of
a cooling tower containing amoeba and Legionella spp. These aerosols reached distances
of at least 6 km from the source. Twenty-one percent of the confirmed cases in this
outbreak were fatal7.
Prevention of colonization and therefore dissemination is difficult as biofilms are
resistant to disinfectants, biocides, and antibiotics, grow in hard to reach areas such as
dead end plumbing, or exist in or among complex niches8,9,10. In field trials using
chlorine, quaternary ammonium, pentachlorophenol, alkyl propanediamine, or methylene
bis thiocyanate in cooling towers at concentrations equal to or greater than the effective
dose used in preliminary, laboratory testing, the removal of Legionella pneumophila was
unsuccessful11. The reason for the contradictory results may have been due to the
complex niche L. pneumophila maintain in man-made water systems8. While some
studies have found a reduction in planktonic L. pneumophila growth after exposure to
copper and silver ions, neither metal ions, conventional chlorination, ultraviolet radiation,
nor heating of water in cooling towers and distribution systems have been successful at
the permanent removal of Legionella biofilms3,10. Part of the reason for the failed
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removal with metal ions is their possible interaction with extrapolymeric matrix (EPS) of
biofilms resulting in reduced metal bioavailability to the bacterial cells12. The anionic
charges from hydroxyl, carboxylate, phosphate, and sulfhydrl functional groups
associated with the EPS may serve as ligands for metal cations. Ligand binding reduces
metal bioavailability and reduces biocidal efficacy 10. A further explanation for the failed
treatment attempts is that Legionella spp. are protected from treatment during their
intracellular invasion and replication in amoeba and can survive for extended periods of
time within amoebal cysts13. Most Legionella spp. in these systems are associated with
biofilms1, and it has been suggested that the biofilms serve as a shelter and nutrient
source for Legionella 9. The buildup of EPS and organic debris associated with this
biofilm prevents or reduces direct contact of biocides with Legionella, thus preventing
the successful removal of Legionella from a system 8.
Although dissolved metals, such as copper and silver, have been unsuccessful at
permanent removal of Legionella biofilms, metal nanoparticles behave differently,
depending on their physical and chemical characteristics14, and therefore may offer novel
mechanisms in treatment options. For example, gold nanoparticles (AuNPs) have been
found to inhibit the growth of Gram-negative and Gram-positive bacteria due to gold
strongly binding to the electron donating groups of the bacteria15. Past studies that
evaluated the anti-microbial effect of AuNPs have stabilized the particles with various
surface chemistries including hyperbranched poly(amidoamine) with terminal
dimethylamine groups ((HPAMAM-N(CH3)2)15 and polyvinyl composite films16. These
surface chemistries also resulted in inhibition of bacterial growth. Aside from causing
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98% growth inhibition in a large suite of Gram-negative and Gram-positive bacteria at a
concentration of 2.8 mg/L15, AuNPs have been shown to induce a heat shock response in
E. coli17. Metal nanomaterials, if effective at controlling pathogenic biofilms, would be
of use in water cooling towers and recirculating systems. However, despite the fact that
these and other data suggest that nanoparticles can affect bacteria in suspension, virtually
no work has been performed using biofilms18. The goal of this research was to
characterize the effects of gold nanoparticles on L. pneumophila both in biofilm and
planktonic stages.
L. pneumophila (Philadelphia 1) was cultured on buffered charcoal yeast extract
(BCYE, VWR) agar at 37˚C and sampled from the agar plate after 3 days incubation. L.
pneumophila taken from these plates was suspended in buffered yeast extract (BYE)
broth at the start of an assay at experiment-specific optical densities (OD) and dilutions.
Gold nanoparticles were obtained from Dr. Catherine Murphy (University of South
Carolina) in both 18 and 4 nm spherical diameters, 0.22 mM Au, capped with a citrate
coating in a citrate solution. Biofilm assays were performed with both sizes of
nanoparticles to test for a potential size effect. Polystyrene, 20nm fluorescent spheres
coated in carboxylate groups in a 2% azide solution (Fluospheres, Invitrogen) were also
tested to determine if effects were a function of the nanoparticle chemistry. All
nanoparticles were imaged before and after the start of the experiment using transmission
electron microscopy to confirm their size distributions (TEM, Clemson Electron
Microscopy Lab, Hitachi 7600, Supplemental Material Figure 1).
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Qualitative assessments of biofilms were conducted using Syto 11 (Invitrogen)
cell permeant nucleic acid dye and confocal microscopy. Glass slides were placed
horizontally in Pyrex chambers containing 40 ml of a 0.600 OD600 suspension of L.
pneumophila in BYE broth. Preliminary studies have indicated 5 days were sufficient for
L. pneumophila to establish irreversibly attached biofilms in this system (Supplemental
Material Fig 2). At day 5, BYE broth was removed, slides were rinsed gently by placing
into sterile water and removed and placed horizontally back into position. Fortymilliliters of moderately hard water (MHW19) produced with 18 mega-ohm water and
reagent grade salts was added (Hardness= 80 mg CaCO3/L alkalinity= 60 mg CaCO3/L
pH=7.7) with 0.7 µg/L AuNPs (1.09 x 104 particles/µL 18nm AuNPs, 1.02 x 106
particles/µ L 4nm AuNPs), 1.32 x 109 particles/µL polystyrene beads or MHW alone.
Two days after media exchange, slides were removed, rinsed and methanol fixed for 15
minutes, followed by staining with 5 µM Syto 11 dye in water. Imaging was performed
by confocal microscopy and biofilm morphology and appearance assessed for all
samples.
Controls formed thick, condensed biofilms (Figure 1a). For all assessments for
this study, we considered a biofilm to be fully established when bacterial cells or the EPS
produced by the L. pneumophila remained irreversibly attached to substrates post sterile
water washes. In biofilms treated with 18 nm AuNPs, a morphological change in cells
and biofilms was observed after 2 days. Chain-like assemblages of elongated cells were
noted on all treatment slides (n= 34, Figure 1b). The thick, organized, biofilm formation
seen in controls was patchy if not altogether absent after AuNP exposure. The
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morphology differences were also seen in biofilms treated with 4 nm AuNPs. Similar to
the 18 nm treatments, a chain-like assemblage with little or no significant biofilm was
observed (Figure 1c). This morphological change was not seen when biofilms were
exposed to similar sized, polystyrene beads for the same time period (Figure 1d).

20 µm

A B

20 µm

C

D

Figure 1. Confocal microscopy shows induction of morphology changes after exposure to
AuNPs. a) control biofilm and b) 18 nm gold c) 4 nm gold and d) 20 nm polystyrene
treated biofilms.

AuNPs were next evaluated for their influence on L. pneumophila viability. The
parameters measured in this assay included growth kinetics, biomass, and pigment
production. An indication of virulence was assessed by measuring pigment production,
as the ability to reduce iron comes from hemogentisic acid originally produced from the
legiolysin (Lly) locus, and this ability to reduce iron is needed to successfully infect a
host cell20,21.
Planktonic viability was evaluated by examining growth kinetics after exposure to
18nm and 4nm AuNPs. L. pneumophila from 3 day old BCYE plates were added to
sterile BYE broth and each flask was inoculated at 0.05 OD600. The initial culture was
plated for determination of initial concentration. The culture was then divided into 5
tubes (VWR, BD Sciences) with a control, AuNP concentration of 1 µg/L added at t=0,

18

and then three concentrations (1, 10, and 100µg/L) added in the delayed samples at
t=18h. Previous work provided time points specific to L. pneumophila along a typical
bacterial growth curve. In this experiment design, idiophase, the transition from
exponential and stationary phase, occurred at t=18 hr. L. pneumophila transitioned at this
point from a replicative, non-transmissive phase to an infective, non-replicating phase
that is capable of infection. T=30 hrs was equivalent to the entry into stationary phase
and 48 hrs was the beginning of the bacteria’s decline phase. This viability assay
evaluated the bacteria-AuNP interation and utilized the above mentioned time points
along various stages of bacterial growth.
At each time point supernatants of samples collected were measured at OD400 for
pigment analysis while pellets were resuspended in sterile water and measured at OD600
to measure growth kinetics. Pigment production was initially low for all treatments but
increased by t=30 hr, typical for L. pneumophila. Pigment increased in all samples and
was not statistically significantly different between controls and treatments (ANOVA,
p>0.05, Figure 2). The OD600 for 18 nm treatments at 18hr increased from the 0.05 initial
OD600 to 1.28 (±0.024) for all samples with no significant differences between treatments
and controls. Overall, 18 nm AuNP treatments showed no effect on L. pneumophila via
measurements of growth, biomass, or pigment production suggesting no anti-microbial
activity of 18nm AuNPs on L. pneumophila.
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Figure 2. Planktonic viability assays with 18 nm AuNPs show no significant differences
in growth kinetics (OD600) or pigment production (OD400). T=18 hr is represented by
black bars, t=30 hr by gray, and t=48 hr by gray and white for both OD400 (top) and
OD600 (bottom). Standard error bars (standard deviation) on each, and treatment
concentrations located on x-axis and optic density readings on y-axis.

The 4nm planktonic viability assays were conducted using the same methods
discussed previously used for the 18 AuNPs. No statistically significant differences were
observed in OD during the 18 hr time point (Figure 3). At the 30 hr time of sampling, a
decreasing trend was seen in the biomass. As the AuNP concentrations increased,
biomass decreased and there were statistically significant differences between the highest
treatment compared to the control, t=0 hr addition of nanoparticles, and the 1µg/L
concentration (ANOVA p<.05, Figure 3). The 10µg/L delay treatment was not
statistically significant from the any of the treatments, however the biomass was less than

20

the control, t=0 hr and 1 µg/L treatments and it began the decreasing trend in biomass at
30 hrs (Figure 3). At 48 hr sampling time however, biomass had increased in the 10 and
100 µg/L delay concentrations so that they were no longer statistically different from the
other treatments (ANOVA p> 0.05). A slight decrease in pigment production in the 10
µg/L delay occurred as well as a significant decrease in the 100 µg/L delay treatment
(ANOVA, p<0.05) as compared to controls. All other treatments exhibited a trend of
increasing pigment production as concentration increased, with the 1 µg/L delay being
significantly higher than all other treatments (Figure 3).
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Figure 3. Results from the 4 nm planktonic viability assay indicate slight decreases in
biomass at 30hr indicated by 100µg/L treatment, and an asterisk showing a statistically
significant difference from controls. OD400 represented by gray bars and OD600
represented by black bars. Standard error bars on each, and treatment located on x-axis
and optic density readings on y-axis.

As the alteration in biofilm morphology did not appear to be due to anti-microbial
effects, nanoparticle-bacteria interactions were examined by transmission electron
microscopy (TEM) to determine the level of association nanoparticles exhibited with L.
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pneumophila planktonic cells. Cells were imaged in both sectioned and whole mount
samples. Samples of planktonic L. pneumophila at the t=30 hr time point were collected
for TEM analyses. Briefly, samples for sectioning were collected and fixed in 3%
gluteraldehyde for at least 4 hours followed by overnight incubation in cacodylate rinsing
buffer (pH 7.4). Samples were then stained with 1% osmium tetroxide solution and rinsed
twice in rinsing buffer. An ethanol dehydration series was conducted followed by
embedding in LR White resin and samples allowed to polymerize at 60˚C oven overnight.
Samples were then sectioned using an ultramicrotome at a thickness of approximately
100 nm and placed onto a formvar coated copper grid (Electron Microscopy Sciences)
and coated with lead citrate and uranyl acetate. For whole cell analysis, samples of 10µL
from t=30 hr were taken and pipetted directly onto copper grids and fixed in 3%
gluteraldehyde vapors for 1 hour, then coated in lead citrate and uranyl acetate. All
sectioned and whole samples were then analyzed on a Hitachi 7600T (Electron
Microscope Facility, Clemson University). Gold content was confirmed in samples using
energy dispersive x-ray spectroscope (EDS, Inca Energy Program) as part of the TEM
analysis.
The overall integrity of the bacterial cells in the whole mount TEM images
appeared normal and cells overall appeared free of lethal abnormalities. However, we
were able to distinguish differences in the appearance of the cell surface due to the
association of AuNPs. The surfaces of treated cells had large dark aggregates indicative
of the AuNPs, while the controls did not (Figures 4a-c). Further imaging on sectioned
samples allowed the evaluation of the ultimate fate of the AuNPs. AuNPs were seen
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both tightly associated to the outside of the cell as well as having been taken up into the
cell. Upon uptake into the cell AuNPs appeared to form aggregates of various sizes and
became compartmentalized into one area of the cell (Figures 4 d-f).

Analysis of EPS

produced by the bacteria appeared similar in size and structure for treatments and
controls. AuNP exposure did however lead to adsorption of the particles into the matrix
of treated biofilms (Figure 4g,h). The presence of AuNPs in both whole mount and
sectioned samples was confirmed via EDS analysis. Control images contained no gold
(Table 1) using EDS analysis program for any metallic gold peak at 2.1, 9.7, and 11.8
keV. All negative values were reported as 0% gold. The weight percent of gold found
in treatments varied greatly by area selected for analysis (Table 1), but some amount of
gold was detected in all treatment fields viewed. EDS further confirmed the presence of
AuNPs adsorbed to the EPS with no gold detected in the controls.
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Figure 4. Transmission electron micrographs of Control, 18nm and 4nm AuNP exposed
L. pneumophila. Whole bacteria preparation of a) control and b-c) 18nm AuNP treatment;
sectioned samples of d) control and e) 4nm AuNPs demonstrating uptake and f) 18nm
AuNPs demonstrating sequestration of large aggregates; Extrapolymeric matrix of g)
control and h) AuNP exposed samples.
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Table 1. Elemental dispersion x-ray spectroscope average % wt. reports for gold in TEM
samples
Sample
18 nm
4 nm
Control

Timepoint
(hrs)
30
30
30

Average % gold
in field of view
1.75
1.60
0

Changes in morphology were seen at both biofilm and planktonic stages. Biofilm
morphology observations indicated L. pneumophila formed thick and structured biofilms,
irreversibly attached to glass substrates. Upon treatment with AuNPs, biofilm
morphology changed with cells forming chain-like assemblages (Figure 1 b,c) and
filamentous, elongated cells occurred in planktonic cells at stationary phase (Figure 4.
e,f). Details on exact mechanisms behind this change and the benefit it may provide are
still unknown for L. pneumophila22. It has been reported that during late growth phase,
decreased expression of the global regulator CsrA may induce filamentation23, and it has
also been suggested that filamentation is involved in biofilm formation24. However, most
frequently, filamentation has been documented to occur as a result of environmental
stresses, changes, or as a result from treatment with antibiotics. Environmental change or
stress occurring with L. pneumophila has indicated a survival strategy by a change in
overall morphology24. At higher temperatures or when treated with the antibiotic
erythromycin, L. pneumophila cells were not their typical rod-shape, but had become
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elongated and filamentous24,25, a pattern also seen only in our AuNP treatments. It was
also noted that filamentation occurred in other genera of bacteria such as E. coli and
Salmonella when physiological changes take place or in response to treatment with
antibiotics26,27. This suggests that this morphological response may be a conserved
mechanism evolved in response to stress or environmental change. When we examined
L. pneumophila cultures for expression of a heat shock protein, no increased expression
was seen in samples after exposure to AuNPs (data not shown). The exact cause for
elongation being unknown, we were unable to discern whether the response exhibited in
the AuNP treated biofilms is indicative of stress or triggered by the mere presence of the
AuNPs. An example of a non-stress response to gold, He et al.28 reported that upon
exposure of Bacillus subtilus to citrate capped AuNPs, the bacteria assembled end-to-end
while the AuNPs attached to their cellular surfaces where sulfur groups existed. The
explanation was that the attachment to the bacterial cells was not due to electrostatic
attraction, as both have negative charges, but to the attraction of gold to sulfur and
phosphorus groups, based on the theory of hard and soft acids and bases28. The electron
microscopy images revealing the presence of AuNPs on the surface of L. pneumophila
suggests that this effect could also be occurring in our system.
In addition to the morphology change seen in the bacteria and in the overall
biofilm structure, it was also observed that much less biofilm was present after exposure
to AuNPs. This decrease in biofilm mass suggests that AuNPs could induce structural
changes in the biofilm leading to dispersal events, a mechanism that could be capitalized
on in novel treatment and disinfection schemes.

L. pneumophila biofilms were
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morphologically altered and potentially destabilized as they were reduced in size and
structure. AuNPs may then provide new routes for biocidal attack on the cell and EPS,
therefore either result would thus increase the overall effectiveness of a biocide. If
AuNPs are capable of 1) destabilizing the matrix and/or 2) altering cellular morphology
to loosen the biofilm itself, then a biocide could be used to cause mortality to dispersed
planktonic cells. Results of an earlier study using silver ions to inhibit Staphylococcus
epidermidis biofilms also suggested using such a combination approach. In this study, the
EPS was found to be destabilized, but the bacteria themselves were not inhibited as the
silver was incapable of penetrating the extensive EPS29. Their conclusion that a
disinfection protocol of silver ions would work synergistically with a biocide would agree
with our findings here. If NPs can be used to cause a sublethal effect, as shown here with
the destabilization of biofilms and decrease in size and structural depth, a lower
concentration of the biocide may be sufficient to remove biofilms from the system.
The morphological change in the biofilm may not necessarily result in cell death
as neither growth nor pigment production (a factor associated with virulence in
Legionella) was effectively inhibited in our assays (Figure 2, 3 and data not shown).
Here, we used low concentrations in order to detect sublethal effects and found no growth
inhibition with 18 nm, but a slight yet statistically significant reduction in biomass using
4 nm citrate capped AuNPs. Pal et al.27 examined the antibacterial efficiency of silver
nanoparticles of different sizes and shapes and found that effect was inversely related to
particle size (increased surface area). Other studies have found AuNPs with various
surface chemistries, including hyperbranched poly(amidoamine) with terminal
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dimethylamine groups ((HPAMAM-N(CH3)2)15 and polyvinyl composite films16
inhibited bacterial growth. However, the antimicrobial action of the surface chemistry
itself may have confounded conclusions drawn from these studies. Hence, AuNP size
and surface chemistry may potentially influence the microbial response. Further, core
particle chemistry may play a role since polystyrene spheres of similar size did not elicit
the same effects in our analyses as AuNPs (figure 1). A sublethal effect in planktonic
bacteria such as inhibition of growth or virulence caused by the gold particle may aid in
the permanent removal of L. pneumophila from a system, while the synergistic use of low
concentrations of AuNPs and biocide offer a potential strategy for pathogenic biofilm
control.
These results represent new routes for biocidal contact and actions for both
biofilms and planktonic bacterial stages. Not only were the 18 and 4nm AuNPs able to
adsorb to EPS but were also capable of entering the bacterial cell. The small size and
available surface area may allow the AuNPs to travel to dead end piping in distribution
systems, penetrate the complex niche where L. pneumophila survive, and reach the
previously considered resistant bacterial cell. An even greater effect may be seen using
AuNPs with additional geometric planes, an increased overall surface area or different
surface chemistry. To further evaluate the use of AuNPs in synergism with a biocidal
administration protocol, a variety of synthesized gold nanoparticles should be tested
along with higher concentration ranges. Not only will different sizes, concentration
ranges, shapes, and surface chemistries of AuNPs reveal the most efficacious at causing
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sublethal changes in bacteria, but also illuminate the reasons prompting the
morphological changes and inhibition of growth in bacteria.
Finally, this research is the first to examine the interaction of nanoparticles with
biofilms. While single species biofilms do not occur in natural ecosystems, the results of
this research underscore the need for quantitative assessment of the potential impacts of
nanoparticles on biofilms. This is particularly critical since a likely fate of nanoparticles
in aquatic ecosystems is sedimentation onto surfaces almost always covered by biofilms.
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SUPPLEMENTAL MATERIAL
Nanoparticles: Gold nanoparticles were obtained from Dr. Catherine Murphy’s lab
(University of South Carolina). Gold nanoparticles (AuNP) were received in excess
citrate in a 0.22 mM solution. Gold nanoparticles were functionalized with citrate in
order to maintain a stable suspension and avoid aggregation. We also used 20 nm
polystyrene beads (Fluospheres, Invitrogen) that were carboxylate modified and coated
with a hydrophilic polymer with carboxylic acids. Potential aggregation was assessed
before and immediately after each experiment using transmission electron microscopy
(Hitachi 7600T, Clemson Electron Microscopy Lab, Figure 1). When aggregates in
samples were found (Figure 2) the sample was not used in any further assays. Here in
Figure 2 is a representation of the shortest time lapse where aggregation occurred.
Typical aggregation of AuNPs occurred after approximately 5 months, however here the
NPs aggregated after only 3 months from production date.
Imaging raw materials: A dilution series was plated initially for the AuNPs and
polystyrene nanoparticles for the ease of imaging. A 10-1 dilution (Figure 1 a, b) was
used for AuNPs in order to avoid over lapping particles during the drying process. No
dilution was used for polystyrene nanoparticles. Raw samples were taken from either the
dilution or directly from the stock solution, as for the polystyrene beads, and 10 µ l was
pipetted directly onto formvar coated copper grids (Microscopy Sciences). The 18 and 4
nm nanoparticles appeared uniform in size (c.a 18 or 4 nm, figure 1 a,b), and stock
solutions of AuNPs were not used after 4 months, as aggregation was noted. Polystyrene
beads never aggregated over time, and were also found to be uniform in size (figure 1c).
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a

b

c
Figure 1. TEM micrographs of a) 18nm Au nanoparticles (100,000 x) Scale bar equals
100 nm. b) 4nm Au nanoparticles (500,000 x) Scale bar equals 20 nm. c) 20nm
polystyrene beads (150,000x) Scale bar equals 100 nm.
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Figure 2. TEM micrograph of a) 4nm Au on January 15, 2009 scale= 20nm and b) 4 nm
Au on March 19, 2009, scale = 500 nm.
Biofilm growth over time series: Prior to the studies of the interaction of nanoparticles
with Legionella pneumophila, the allotted time required for a thick, structured biofilm
production was studied. L. pneumophila grown on BCYE agar for 3 days, and loopfulls
of L. pneumophila were added to BYE broth at 0.12 OD600. Ten-milliliters of the
innoculum was added to 90 ml of BYE broth into a rectangular Wheaton staining dish
with slides both horizontal (2) and vertical (2). Wheaton dishes were placed in an
incubator at 25˚C for either 2, 3, 5, 7, or 8 days. Media was removed on these days and
slides were rinsed three times with sterilized DI water. Slides were placed in methanol
for 10 min and then stained with Giemsa’s Solution for 15 min. Slides were imaged via
light microscopy and 5d were determined necessary for thick, structured, irreversiblyattached biofilm growth.
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Figure 3. Light microscopy image indicating sufficient L. pneumophila biofilm growth,
stained with Geimsa dye, of a 5 day incubation in BCYE followed by 2 day incubation
period in moderately hard water.
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